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There is now increasing theoretical and experimental evidence that ultrasound used at intensities employed clinically, can produce effects which have characteristics of transient cavitation. The probability of causing bioeffect by transient cavitation is immensely high, above a threshold peak intensity of the interrogating ultrasound pulse [1,2]. Within the framework of short pulses used in diagnostics, it is not possible to reduce the peak intensity without sacrificing the signal to noise ratio. We have been investigating the usefulness of a frequency modulated (FM) interrogating pulse to resolve the above dilemma. Simulations and experiments in a non-attenuating medium show that a factor of 16 to 50 reduction in peak intensity is possible without sacrificing the resolution of the signal primarily used for imaging (31. This factor depends on the effective time-bandwidth product of the frequency modulated pulse. However, in frequency dependent attenuating medium, such as soft tissue, this advantage could diminish. This question was examined by incorporating a linear with frequency and linear phase model for the attenuating medium in our simulation process 141. The results indicate that even in a medium such as soft tissue with a typical attenuation coefficient ao=0.4dB/cm/MHz, this technique holds promise. However, the analysis was limited to one-dimensional A-line signals. The nature of the two-dimensional point spread function in a B-scan imaging scheme using FM pulse was not addressed. In this paper, we present preliminary results of experimental B-Scan imaging of tissues mimicking phantoms. The experiments have been carrled out to evaluate the point spread function (PSF) of this imaging experimental 6-Scan imaging of tissues mimicking phantoms. The experiments have been carried out to evaluate the point spread function (PSF) of this imaging scheme as a function of center frequency bandwidth, depth of reflector and attenuation coefficient of the medium.
1051-0117/91/0000-1249 $1.00 0 1991 IEEE Pulse compression techniques have been widely used in radar to overcome peak power limitation [lo]. These systems operate by transmitting a long RF burst with acceptable peak power, which on reception is compressed to a time interval short enough to give the desired range resolution and sensitivity. The most common waveform used in pulse compression systems is the linear FM or "chirp" waveform. Although dispersive delay lines have been used to perform pulse compression. cross correlation processing is another viable alternative.
Its advantage lies in its design flexibility.
The real usefulness of this technique in medical imaging comes from the fact that the process of pulse compression can be carried out after the backscattered signal has been received. Figure 1 below shows where the post-processing step is incorporated 131.
We assume that the generation of backscattered signal in response to an input pulse is a linear shift invariant process. This is generally a good approximation for a nonattenuating medium. P(t) is the input FM pulse and N(t) represents the tissue impulse response.
For a non attenuating medium, N(t) is simply a sum of delta functions, CAI 6(t-ti) where Ai is the reflection coefficient of the i th scatterer which is located at a distance zi = c.ti/2, c being the speed of sound in water and ti is two way travel time. Treating the pulse propagation and reflection as a linear process, the backscattered signal S(t) can be expressed as a convolution of P(t) with N(t):
The process of pulse compression is carried out by crosscorrelating the input FM pulse P(t) with the received backscattered signal S(t) as shown in equation (2) . The autocorrelation of P(t) results is a compressed short pulse whose peak amplitude is greater than the peak amplitude of the FM pulse by a factor & . This gain factor K is equal to the product of the time duration and the effective bandwidth of the FM pulse. The time-bandwidth product is the theoretically attainable signal to noise enhancement.
The process described above would produce a single A-line signal which is one dimensional in nature. Time t encodes the depth coordinate z. By moving the transducer axis to an adjacent location, and displaying all A-lines together, one generates a two-dimensional image. Although the A-line signal represents a one-dimensional image of the object, it should not be forgotten that physical phenomena take place in the "real space," known to be three-dimensional. The tissues and their echo-generating structures have a spacial extent and no transducer can exactly focus the ultrasound beam on a line or a plane. This is why the impulse response characterizing an echo graphic system should have a 3D spacial dependence on the target position. The 3-D point spread function is defined as follows: any point in space is referenced in a Cartesian system of coordinates (x, y, z); a transducer can be moved in a plane (x, y) while keeping its axis parallel to the z axis which is also the same as the transducer beam axis; a target location is determined by For a circularly symmetric transducer, the backscattered RF signal from a target at (xo, yo, z, ) can be written as A(r, t) = C . P(t) * B(r, t, zo) ;
where r is the radial distance of target from the central axis of the beam.
is the FM pulse response at r = 0, and C is a constant that depends on scattering strength. B(r,t,z,) describes the beam response of the system at depth zo. Clearly B(r, 1, zo) is not shift invariant since it depends on the depth zo of the scattering target. But if we assume that B(r,t,z,) does not change appreciably in a small range around z, then the effect of the beam can be modelled as a convolution process. The convolution is with respect to time 1. The PSF of the FM pulse imaging scheme is determined after pulse compression processing i.e.. after cross correlation of A(r,t) with P(t); where stands for cross correlation process. For a twodimensional B-scan imaging, scanning is done along a line, say x-axis. The two-dimensional point spread function PSFN for a scatterer at depth zo in a non-attenuating medium can be written as PSF(r, 1) = C.P(t) P(t) * B(r,t,zd
time t encodes the z dependence. The only difference here from the conventional imaging is that the short pulse has been replaced by the autocorrelation of the FM pulse P(t).
The advantages of such an imaging scheme are two fold: (i) For a given total energy of the input interrogating pulse, a higher signal to noise ratio can be achieved [3, 4] . (ii) The point spread function can be changed easily by changing the pulse parameters of the FM pulse. From equation (5), the resolution in the axial (i.e. z) direction depends on the pulse width of the compressed (auto correlated) FM pulse. This can be controlled by the bandwidth Afof the frequency sweep. For a narrow bandwidth excitation, B(x,t,z,) can be approximated by [~5 ( t -2 2~/~) .
B(x,zo)], where B(x,zo) is simply the diffraction pattern at depth z, due to a circular transducer. In the far field approximation, B(x,zo) depends on the center frequency of excitation, fa, which can also be controlled easily in the input FM pulse [6] . A fourier approach can be used to exactly calculate the diffraction impulse response B(x,t,z,)
[7]. Ability to vary the point spread function may prove to be of practical value in problems dealing with (a) speckle reduction via averaging of independent speckle patterns [E] and (b) tissue characterization using random RF signal or envelope detected date [5,9].
For imaging in a medium with frequency dependent attenuation, the point spread function described by equation (5) has to be further modified. Assuming attenuation coefficient is linear with frequency, a(f) = ao.f, and the medium is non dispersive, impulse response for round trip propagation to a scatterer at depth zo was shown to be [4] ,
[
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Assuming linearity and shift invariant property in a small region around zo. effect of attenuation can be incorporated as a convolution process. The point spread function in an attenuating medium PSFA, then becomes
The effect of attenuation was considered by us in a separate paper [4] . The point spread functions described by equation (5) and (7) for non-attenuating and attenuating medium, refer to the backscattered RF signals and not the usual envelope detected B-mode image. The envelope detection process is non-linear, and therefore cannot be represented as a convolution process. However, we can approximately write the envelope detected PSF as a product of two functions, one is the envelope detected compressed pulse describing the shape of the PSF along the axial or z direction and the other is the beam profile function describing the PSF in the lateral or x direction. The backscattered RF signal after amplification, was digitized at 50 MH, with Analogic DATA 6000 waveform digitizer. 28 lines were recorded as the transducer was moved along the x-axis in steps of 1 mm on either side of the target center. Each line of RF signal was cross-correlated digitally with the input FM pulse. In order to generate B-scan image, envelope detection was carried out after cross-correlation-processing. For envelope detection, the data was squared and then low pass filtered by convolving it with a 36 point triangular window function. The image data was then transferred to V A W M S system for display. where To is the time duration of the pulse, f o and Af are the center frequency and 6dB bandwidth in MHz, respectively. These two parameters can be set independently. The first term is the hanning weighing applied to the pulse amplitude. The argument of the sinusoid has two terms. the first one defines the starting frequency and the second term increases the frequency linearly with time. The constants of the equation were determined empirically so as to match the expected spectrum of the pulse for several difference values of fo and Af. The generator uses 2000 points to calculate the function P(t) and outputs it at 100 MHZ. A parametric unfocused piezoelectric circular disk transducer was used to transmit the FM pulse into the phantom. The transducer had a diameter of 1.27 cm. It had a center frequency of 2.4 MH, and a 6dB bandwidth of about 1.8 MH, . The beginning of the far-field was calculated to be about 6.0 cm and experimentally the last maxima was located approximately at 9 cm in water, when the transducer was operated at 2.4 MHZ.
Two different phantoms were imaged. The non attenuating phantom contained water with steel wires at various depths as scattering targets. The attenuating phantom had tissue equivalent material with a linear attenuation coefficient a, = 0.15 dB/cm/MH,. The phantoms were scanned by moving the transducer along the x-axis as shown in figure-2. In each case, scattering targets at three different depths, zo = 3.1 cm. 5.1 cm and 9.1 cm, were imaged. In the images, they are referred to as the 2nd, 3rd and 5th scatterer, respectively. The distances were chosen such that the 2nd and the 5th scatterer are approximately in the near and far field of the transducer with the 3rd scatterer close to the
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The digitized backscattered RF signal was stored and processed on the DATA 6000 waveform processor. One example in figure-3 elucidates the processing steps involved. The middle trace is the input FM pulse, digitized and displayed on DATA 6000. The top trace is the backscattered RF signal (single A-line) from four different wire targets. The horizontal axis is time. The bottom trace is the RF signal after cross-correlation with input FM pulse. In this figure the four compressed pulses from four different targets are fully resolved. For conventional B-scan imaging, the transducer must be scanned in the transverse direction (along x-axis), generating a collection of A-line signals. Figure-4 (a) is a gray scale two-dimensional plot of the backscattered RF signal from one wire target at depth 9.1 cm. The horizontal axis represents time (or depth z) and the verticle axis represents the transverse or scanning direction (x-axis in figure-2). The figure is essentially a collective display of 23 A-line signals with the length of displayed abscissa being 10.24 ps. The profile for one Aline signal through the center is also shown below the twodimensional image. This is the recorded backscatterred signal when the input to the transducer is the FM pulse generated from equation (8) with f o = 2.4 MH, , Af = 1 MH, , To 10 = p, and the wire target is at the central axis of the transducer. It is interesting to note that as target moves (as a result of transducer motion) to either side of the transducer axis, the nature of the RF signal changes. The signal is not only decreasing in amplitude, it's frequency spectrum is also changing. The higher frequencies are lost or removed from the beam more efficiently than the lower frequencies. This is due to the well known diffraction Backscattered Signal Figure-2 phenomena and can be represented by convultion with the transducer diffraction impulse response B(x. 1, zo) described in equation (4), (5) and (7). In order to facilitate pipeline processing, a scheme where every A-line RF signal is cross-correlated with the input FM pulse was adopted. The FM pulse used in cross-correlation, therefore, is not optimally matched to reflection from any particular depth, it is simply the FM pulse that was input to the transducer. Figure 4(b) shows the 2D gray scale image after such cross-correlation processing. Finally every Aline signal after cross-correlation processing was envelope detected. This was done by taking square of the data in fgure 4(b) and then low-pass filter it via convolution with a 36 point triangular window. Hilbert transform approach to envelope detection process is also being developed now. The envelope detected B-scan image of the wire target is shown in figure 4(c) . This is, by definition, the Point Spread function (PSF) of FM pulse imaging scheme. Just as in It depends on the depth range from the transducer, i.e. q,, and also on the FM pulse parameters, i.e. center frequency f o and bandwidth Af. In the next section we present and discuss the experimentally determined PSF under various conditions. conventional short pulse imaging, PSF is shift-variant . The performance of an ultrasonic B-scan imaging system is specific by the 2D Point Spread Function (PSF) of the envelope detected signal. The analysis is further simplified by measuring the profile and width of the PSF in the lateral (x-axis) and axial (z-axis) direction, cutting through the point of maximum value. We have performed this analysis, however only results for the axial profile are shown in figure 5, 6 and 7 as shaded graph under each PSF. In the axial direction, the profile is mainly determined by the signal bandwidth at that point. In the lateral direction the profile, to first order, should be determined by the diffraction pattern and hence the center frequency fo of the pulse. The full width at half maximum (FWHM) values of the profiles under various conditions are listed in Table- 1.
The influence of the bandwidth on the axial FWHM is evident both from the images and the data in the table, i.e. higher bandwidth results in smaller axial FWHM (sometimes also referred to as the axial resolution). This is true in the near and far field of the transducer (all three scatterers show -igure-3 Crosscorrelation (pulse compression) processing of digital data in DATA 6000 waveform processor. In the far field (5th scatterer), an approximate analysis of the beam profile can be performed. Assuming that the pulse spectrum is sufficiently narrowband so that we can approximate the far-field diffraction pattern
Envelope detected E-scan. 2nd scatterer Envelope detected 8-scan. Crosscorrelation done with input FM pulse. medium has been investigated. At present, the advantages of such an imaging scheme seem to be three fold: (i) it may be possible to reduce the peak intensity of the interrogating ultrasound pulse without sacrificing signal to noise ratio [31.
(ii) the observed speckle pattern in ultrasound images is a function of the PSF of the imaging system as well as the random scattering structure of the tissue. The FM pulse J,(*)
where r is the radial distance from the central axis, h is the wavelength calculated at the center frequency fo of a narrow bandwidth pulse, and L is the distance of the scatterer from the transducer. While this expression is correct for a single frequency excitation, question remains whether it can be used for pulsed excitation. Some experiments [I21 indicate that this is allowed in the far-field (or focal plane) to a fair approximation.
The lateral PSF for the pulse-echo imaging is given by the square of the diffraction pattern described by equation (9) . The first power is due to the receiving directivity of the transducer and the secand power is due to the strength of the cm. Therefore for the scatterer in far-field (z = 9.1 cm),
we get a value of lateral FWHM = 4.56 mm. From Table- 
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imaging has the ability to change the PSF and therefore may play a role in tissue characterization via speckle texture analysis 191, (iii) ability to change the PSF is also useful in obtaining uncorrelated speckle patterns. Such independent patterns can then be used in speckle noise reduction through frame averaging.
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